Fabry-Perot enhanced Faraday rotation in graphene 
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We demonstrate that giant Faraday rotation in graphene in the terahertz range due to the cy- 
clotron resonance is further increased by constructive Fabry-Perot interference in the supporting 
substrate. Simultaneously, an enhanced total transmission is achieved, making this effect dou- 
bly advantageous for graphene-based magneto-optical applications. As an example, we present 
far-infrared spectra of epitaxial multilayer graphene grown on the C-face of 6H-SiC, where the in- 
terference fringes are spectrally resolved and a Faraday rotation up to 0.15 radians (9° ) is attained. 
Further, we discuss and compare other ways to increase the Faraday rotation using the principle of 
an optical cavity. 



Graphitic materials, such as carbon nanotubes and 
graphene, find numerous applications in various fields 
of optics [1-5]. The giant terahertz Faraday rotation in 
graphene [6-10] suggests that this novel material can be 
useful for magneto-optical applications. The exception- 
ally strong Faraday effect, combined with a high doping 
tunability, which is a hallmark of graphene, may poten- 
tially lead to a new class of ultrafast tunable magneto- 
optical modulators [6, 9, 11, 12]. Apart from prac- 
tical importance, the magneto-optical phenomena are 
helpful to study the charge carrier dynamics in these 
systems [6, 13, 14]. 

In order to make use of the Faraday effect in applica- 
tions, the effect has to be further enhanced. For example, 
a rotation angle of 45° is typically required for a Faraday 
isolator, i.e. a device which passes light in one direction 
and blocks it in the other. The observed rotation of 6° at 
7 Tesla [6] , although impressively large for a single atomic 
layer, is not sufficient for a useful device. One has to find 
ways to increase the rotation even further. 

It is known that small Faraday rotation can be boosted 
by placing the magneto-optically active environment in- 
side a Fabry-Perot cavity to build magneto-optical de- 
vices [15, 16], increasing the sensitivity of magnetic field 
sensors [17] or to measure ultrasmall Verdet constants 
[18]. Due to the non- reciprocal nature of this effect, the 
rotation is enhanced after multiple internal beam pas- 
sages [19]. In the context of graphene, this idea was re- 
cently studied theoretically in Ref. [7]. 

An important issue to be addressed in this context 
is the influence of a substrate which is always present 
in realistic applications. One undesirable effect of the 
substrate is to reduce the magneto-optical rotation as 
compared to free standing graphene by a factor, which 
depends on the substrate refractive index [6]. However, 
a well polished flat parallel substrate can also develop 
strong Fabry-Perot interference and thus acts as a cav- 
ity. In this work we show that it can be used to increase 
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FIG. 1. Transmission (black squares, left axis) and Fara- 
day rotation (red circles, right axis) spectra at 7 Tesla and 
5 Kelvin. Note that the Faraday rotation scale is inverted. 
The horizontal line corresponds to zero Faraday rotation, the 
vertical line indicates the cyclotron frequency. 



the rotation angle and simultaneously the total transmis- 
sion. In order to make a connection between this effect 
and previous ideas about the Fabry-Perot cavity, we per- 
form several model calculations. This allows us to com- 
pare different ways to enhance the Faraday rotation in 
graphene. 

Our sample is multilayer epitaxial graphene grown on 
the C-face[20] of 6H-SiC by annealing silicon carbide in 
an Ar atmosphere for 90 minutes at 1650 ° C. Before the 
growth, the substrate was hydrogen- etched at 1600° C 
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for 15 minutes. The total number of graphene layers was 
about 20, as determined by X-ray photoelectron spec- 
troscopy and confirmed by infrared absorption in the 
near-infrared range. However, only one or two layers clos- 
est to the SiC are highly doped (n-type) [21] and therefore 
responsible for the classical cyclotron resonance, which 
dominates the magneto-optical response in the range of 
energies and magnetic fields [13] considered in this pa- 
per. The remaining layers, which are quasineutral, only 
contribute to the overall absorption at low frequencies 
[13, 22]. The thickness of the substrate was reduced to 
d = 80 ^tm by polishing in order to increase the pe- 
riod of the Fabry- Perot oscillations (about 20 cm -1 in 
the THz range). We measured magneto-transmission 
T(uj, B) with unpolarized light and the Faraday rotation 
9f(lu,B) by a two-polarizer technique between 15 and 
700 cm -1 with the help of a Fourier transform spectrom- 
eter coupled to a split-coil superconducting magnet [6]. 
A mercury light source, silicon beamsplitter and liquid- 
helium cooled Si bolometer were used. The spectral res- 
olution (1 cm" 1 for the transmission and 2 cm -1 for the 
Faraday rotation) was sufficient to fully resolve the in- 
terference fringes. The spectra at 5 Kelvin and 7 Tesla 
are plotted in Figure 1. At lower fields the data show 
a qualitatively similar behavior. The energy of the cy- 
clotron resonance (marked by the dashed line) can be 
identified as a broad minimum in (oscillation-averaged) 
transmission and a reduced amplitude of the fringes. The 
(oscillation-averaged) Faraday angle changes sign in this 
region. The negative value at low frequencies indicates 
that the layer responsible for the resonance is n-doped. 

An important observation is that the maxima of the 
transmission and the absolute value of the Faraday rota- 
tion virtually coincide, except close to the resonance. It 
means that a constructive interference between internally 
reflected beams is favorable for both quantities. We note 
also that at some frequencies the Faraday angle reaches 
9° , which is 50 percent higher than the value reported 
earlier [6]. 

In order to explain this finding, we model the experi- 
mental spectra by treating all graphene layers as a thin 
film with the total conductivity er + (ct_) for the right- 
(left-) circular polarized light: 
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represented by a sum of the cyclotron resonance, de- 
scribed by a Drude weight D, a cyclotron frequency uj c 
and a scattering rate 7, and a constant background <ji 3i 
approximating the absorption in other layers. The trans- 
mission and the Faraday rotation are given by: 
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where t± are the complex transmission coefficients for the 
two circular polarizations. Taking into account multiple 
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FIG. 2. Simulation of the magneto-optical transmission and 
Faraday rotation of graphene on and in SiC for three differ- 
ent configurations. Note that the Faraday rotation scale is 
inverted, (a) Graphene covers one side of SiC, (b) graphene 
covers both sides of SiC, (c) graphene is in the middle of SiC 
slab, (d) graphene is in the middle of a SiC slab covered by 
metallic layers on both sides. 



internal reflections in the substrate, for which the refrac- 
tive index n rj 3.1 and zero absorption were assumed in 
the spectral range of interest we get [23]: 



t± =Atit s 
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(3) 



where r s = exp(iujdn/c) is the phase factor acquired by 
light in the substrate and Zq is the impedance of vacuum. 

The following parameter values were found to fit the 
data at 7 Tesla in the best way: tu c = 156 cm" 1 , 7 =56 
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cm -1 , D/ao = 362 cnr 1 , <Tb/a = 23, where Co = e 2 /Ah 
is the universal conductivity of monolayer graphene [24] . 
The theoretical curves are shown in Figure 2a. One can 
see that this simple model reproduces the data accu- 
rately, including the coincidence of maxima of the Fara- 
day rotation and transmission. 

The physical meaning of this result becomes obvious 
in the following. The constructive interference occurs at 
frequencies, where r s = ±1. In this case, Equation (3) 
reduces to 
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which is equal, apart from the prefactor r s , to the trans- 
mission of free standing graphene with the same opti- 
cal conductivity[25, 26]. It thus appears that the ef- 
fect of the constructive Fabry-Perot interference is to ex- 
actly compensate the screening effect of the substrate. If 
monochromatic light is used (such as a terahertz laser), 
it would be desirable in magneto-optical applications to 
adjust the substrate thickness in order to achieve this 
condition. 

Developing on this result, we next explore theoreti- 
cally other possibilities to improve the Faraday rotation 
in graphene by making use of the cavity principle. For the 
sake of simplicity, we assume that graphene has the same 
optical conductivity as the one obtained in the present 
experiment and the total thickness of the substrate is al- 
ways the same. In this case the substrate can be formally 
regarded as a low-finesse (F « 3) optical cavity created 
by the SiC-vacuum interfaces. 

We first consider the case where both sides of the sub- 
strate are covered with graphene. Although this cannot 
be done by growing graphene on two sides one can simply 
press two identical samples together. Equation 3 is now 
modified as follows: 
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For the constructive interference we obtain i CO nstr.± = 
t s (1 + Zo<t±) , which is the same result as Equation 
4, except for the factor 2 in the graphene conductivity 
term, due to the presence of two graphene layers. The 
computed spectra are plotted in Figure 2b. The Faraday 
rotation now reaches 15° . The transmission is lowered 
but remains at a reasonable level. 

Next, we consider the graphene film to be in the mid- 
dle of a SiC plate, which can, in principle, be achieved 
by pressing a substrate with graphene against a bare sub- 
strate with the same thickness. This case is described by 
the equation: 
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The computed spectra are plotted in Figure 2c. Now the 
cases Ts = +1 and -1 are fundamentally different. In the 
first case the result for free-standing graphene (Equation 
4) is again recovered. Indeed, the same transmission and 
rotation as in Figure 2a are observed for these frequen- 
cies. However, if t s = — 1 then t± = t s (1 + Zo<r± /2n 2 )~ 1 , 
which means that the effective conductivity of graphene 
is reduced by a factor of n 2 « 10 as compared to Equa- 
tion 4. Although this case is beneficial for the overall 
transmission, the Faraday rotation is so small that this 
case is not of practical interest for magneto-optical ap- 
plications. Thus, the configuration with graphene in the 
middle is not more advantageous for the enhancement of 
the Faraday rotation than the original one. 

Finally, the SiC slab in the previous configuration can 
be turned into a high-finesse Fabry-Perot cavity by coat- 
ing each of the SiC-vacuum interfaces with a highly re- 
flecting metallic layer. This can be modeled by substitut- 
ing nil — ► n±l± Zo<j m in Equation 6, where o m is the 
sheet optical conductivity of the deposed metal, which 
we assume to be magneto-optically inactive. In Figure 
2d we present such a calculation for a metallic layer with 
a Drude conductivity of o m (u>) = ctdc /(I — iwr), a static 
value <7dc =0.1 f2 _1 and a scattering rate 1/r = 100 
cnr 1 . The finesse of the cavity is about 10 in the con- 
sidered spectral range. Now the Faraday rotation reaches 
about 20 degrees at some frequencies. This is more than 
twice higher than the maximum achievable value in the 
uncoated cavity (Figure 2c), which is a manifestation of 
the cavity boost [7]. Although the cavity principle works, 
the obvious penalty is that the total transmission is sig- 
nificantly reduced because of the low transmission of the 
metallic mirrors. 

By comparing Figures 2d and b we conclude that plac- 
ing graphene on both sides of a low-finesse cavity is a 
better strategy to increase the Faraday rotation with- 
out drastically reducing the transmission. Note that the 
magneto-optically inactive graphene layers in the present 
sample, modeled with the term o^, only reduces the 
transmission without improving the rotation. When us- 
ing monolayer graphene grown on the Si-face, such layers 
are absent and the transmission is expected to be higher 
than in the data presented in this letter, while a compa- 
rable Faraday rotation is achieved. 15° is still lower than 
the mentioned 45° required to build a graphene-based 
Faraday isolator. However, one could try to increase 
the number of magneto-optically active graphene layers, 
combine graphene with photonic crystal structures [9] or 
to increase the mobility of graphene. The cavity tech- 
nique may also be of interest when combined with a las- 
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ing medium inside the cavity, as proposed in References 
[27, 28]. 

In summary, we report a significant enhancement of the 
Faraday rotation in graphene due to constructive Fabry- 
Perot interference in the substrate as compared to the 
case where the interference is not resolved. We show 
that under these conditions the total transmission of the 
system is also increased. This observation, as well as 
our simulations of the Faraday rotation and transmission 
in related graphene-cavity systems, promote the use of 
graphene for novel magneto-plasmonic applications. 
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